Our aim was to evaluate the risk of human toxoplasmosis via meat consumption from wild boars by estimating the seroprevalence of Toxoplasma gondii in animals hunted in central Italy. Using a modified agglutination test, 213 sera from wild boars were examined for anti-Toxoplasma IgG antibodies. Diaphragm samples (n=65) from seropositive and seronegative animals were tested by nested-PCR to detect T. gondii DNA. Toxoplasma DNA from diaphragms was genotyped by PCR-RFLP using 12 genetic markers. Moreover, the aim of the study was also to identify helminth infections of wild boars in the selected area and to evaluate their hazard for humans. Examination of sera revealed a seroprevalence of 12.2%. Only one T. gondii strain could be genotyped from a seropositive animal and PCR-RFLP revealed that it belonged to type II. Analysis of 50 samples of faeces and 32 small intestines revealed that 78% and 15.6% of the samples harboured parasites, respectively, with the occurrence of parasites potentially dangerous for humans. These latter included Ascaris suum, Macracanthorhynchus hirudinaceus, Trichuris suis, and Metastrongylus spp. A significant association was found between coprological positivity and male sex. These results indicate that T. gondii infection may be present in wild boar tissues and consumption of undercooked or raw wild boar meat may expose humans to risk of toxoplasmosis in the study area. Furthermore, the study highlights that wild boars are hosts of helminths of veterinary and medical importance transmissible to pigs and humans.
INTRODUCTION
The wild boar (Sus scrofa) is a large mammal species of greatest importance for hunting activity. This game animal is characterized by high prolificacy and extreme adaptability to a wide range of very different habitats (1) . Such features have favoured the spread of wild boars in many parts of Europe, as well as in many Italian regions including Tuscany (2) . In some areas, the wild boar population has been growing more and more over the years because of lack of predators, low hunting pressure, favourable climatic conditions, food availability, and other factors (3) . This inevitably leads to increasing conflicts between humans and wild boars caused by serious economic losses due to crop damages (4), high environmental impact on animal and plant biodiversity (5) , car accidents (6) , and injuries (7) or even death (8) occurring as a result of attacks on humans. From an epidemiological point of view, wild boars can harbour and spread into the environment many biological agents that are transmissible to other wildlife, domestic animals, and humans (9) . These animals are omnivorous, they have opportunistic feeding habits, and they eat different types of diets. Because of their feeding habits, wild boars play a significant role in the maintenance and circulation of some parasites, especially Toxoplasma and Trichinella.
Among wild animals whose meat is destined for human consumption, tissue cysts of T. gondii in meat of wild boars are a potential source of toxoplasmosis for humans (10) . Serological evidence of Toxoplasma infection in wild boars has largely been reported worldwide (11) , with 14% of seropositive wild boars found in Italy (12) . Furthermore, a coprological survey on parasites affecting wild boars in this country showed a total prevalence of 78.86% (13) . In the last years, consistent wild boar populations frequently enter urban areas or live and thrive in metropolitan areas of important cities, becoming synanthropic animals (14) . Since humans may accidentally share the same outdoor areas with wild boars, a potential risk may exist for contacts between humans and environments contaminated by zoonotic parasites shed from wild boars (15, 16) .
Therefore, studies on wild boar parasites are important to evaluate the extent to which these animals can represent a source of infections for humans. Examination of these parasitic diseases in terms of prevalence, strain or pathogenicity etc., might give further insight into zoonotic infections and may facilitate the implementation of control measures.
For these reasons, the aim of the present survey was to determine (i) the seroprevalence and genotypes of T. gondii and (ii) the occurrence of helminth infections potentially transmissible to humans in wild boars hunted in central Italy.
MATERIAL AND METHODS

Sample collection and animals examined
Study area
Two hundred and thirteen serum samples, 65 diaphragm samples, 50 faecal samples, and 32 small intestines were collected from 213 carcasses of wild boars killed by authorized hunters during the 2016-2017 hunting season (from November 2016 to January 2017) in the province of Pisa (43°43′N 10°24′E), Tuscany, central Italy. Difference in the number of samples was caused by difference in hunters' willingness to cooperate. Many hunters did not allow the collection of all samples (blood, faeces, small intestine) from carcasses, because sampling was a cause of slow down of the evisceration steps.
Wild boars
After killing, hunted wild boars were transported to special facilities equipped for slaughtering, where carcasses were skinned and eviscerated, and meat was butchered for human consumption. Before skinning, the sex and age of wild boars were determined. The animals were classified as juveniles (<18 months of age) and adults (>18 months of age) according to the tooth eruption pattern (17) . Altogether, carcasses of 112 males, 101 females, 178 adults (91 females, 87 males), and 35 juveniles (25 males, 10 females) were sampled. All wild boars were in good body conditions with significant subcutaneous fat deposits.
Sample collection
Specimens were collected from the hunted animals during evisceration of the thoracic and peritoneal cavities. Blood samples (n=213) were taken from the thoracic cavity using a 20 ml syringe, transferred into 50 ml falcon vials, and left to coagulate at room temperature. Approximately 25 g of muscle samples (n=65) were collected from the diaphragm of each animal and put in individual plastic bags. Fecal samples (n=50) were taken directly from the rectal ampulla and placed into plastic containers. Small intestines (n=32) were individuated, isolated from the entire gastrointestinal tract by scissors, ligatured at both ends, and wrapped in plastic bags. Blood samples were centrifugated at 2000 g for 15 min to separate the sera.
Labeling and storing
After collection, all samples were labelled by sex and age of the animal, placed in insulated containers with refrigerant gel packs, and brought to laboratory. Upon arrival serum samples were transferred in 1.5 ml eppendorf tubes, while coprological samples were stored at +5°C until faecal examination was performed. Sera, diaphragm samples, and small intestines were frozen at -20°C pending serological test, molecular analysis, and visual inspection, respectively. Frozen samples were then thawed at room temperature before their examination.
Serological tests
All sera were examined for anti-T. gondii IgG antibodies by the modified agglutination test (MAT). A commercial test kit (Toxo Screen DA®, bioMérieux, Lyon, France) containing formalintreated Toxoplasma tachyzoites as antigen was used according to the manufacturer's instructions. Positive and negative control sera were included into each test. Serum samples were diluted two-fold starting at a 1:10 dilution until reaching the endpoint titre. Sera with MAT titres of 1:10 or higher were considered positive (18).
Molecular and genotyping analysis
Portions of diaphragm muscle were submitted to DNA extraction with Tissue Genomic DNA Extraction Kit (Fisher Molecular Biology, Trevose, PA, USA) following manufacturer's instructions. Extracted DNA was submitted to amplification by a nested-PCR (n-PCR) protocol, which amplifies a 193-bp fragment in the first round and a 96-bp fragment in the second round (19) . Results were visualized using 2% agarose gel electrophoresis stained with ethidium bromide. Genotyping of the DNA samples from wild boars testing positive in the n-PCR assay was performed by multi-locus PCR-restriction fragment length polymorphism (PCR-RFLP) using 12 genetic markers (20) .
Faecal examination
Faecal samples (approximately 3 g) were examined by light microscopy for helminth eggs and protozoal oocysts by using a commercial sodium nitrate solution (Coprosol®, Candioli Farmaceutici S.p.A., Beinasco (TO), Italy) with specific gravity 1,200. Helminth eggs and protozoal oocysts were identified according to their morphological features (21).
Postmortem examination of the small intestine
At necropsy, we focused on two selected zoonotic helminths that live in the intestine of wild boars, i.e. Ascaris suum and Macracanthorhynchus hirudinaceus. Their presence can be easily detected when the intestinal content is macroscopically evaluated by thorough examination, because both A. suum and M. hirudinaceus are large worms: adult parasites measure 15 to 40 and 5 to 47 cm in length, respectively (20) . Therefore, the sieving technique was not used, although examination of the small intestines with the naked eye is not enough for detection of all parasite species. The small intestines originated from the same animals as the faecal samples. To detect A. suum and M. hirudinaceus infections, the small intestine was divided into 5 equally long sections, which were opened longitudinally in full length with a pair of surgical scissors and carefully examined by visual inspection of the intestinal content. When worms were detected, all visible worms were collected and rinsed briefly into lukewarm water, before fixation in 70% alcohol. The specimens of worms were identified by stereomicroscope examination based on morphological features of parasites (22).
Statistical analysis
Prevalence rates were calculated as number of positive animals/number of examined animals X 100 with the corresponding 95% confidence intervals (95% CI). Chi-square test was used to compare different prevalence values according to sex (females vs. males) and age (adults vs. juveniles) groups. P values <0.05 and <0.01 were considered significant and highly significant, respectively. Odd ratio (OR) and corresponding 95% CI values were also calculated as a measure of the risk of infection. Total worm recovery (TWR), range (R), mean intensity (MI) ± standard error of the mean (SEM), and mean abundance (MA) ± SEM were determined for A. suum and M. hirudinaceus harboured in the small intestine of wild boars.
RESULTS
Serological results
Anti-Toxoplasma antibodies were detected in sera from 26 
Molecular and genotyping results
Amplification of DNA by n-PCR assay was successful only in 1/65 (1.5%. 95% CI=0-4.5%) diaphragm sample and genetic characterization of DNA by PCR-RFLP technique revealed the occurrence of a genotype belonging to clonal type II. The wild boar with n-PCR-positive muscle tissue was an adult female with a MAT titer of 1:40 (Fig. 1) . The diaphragm was selected as a representative muscle in our study by convenience sampling. It is possible that Toxoplasma could be present in different muscles (heart, tongue, and others) of the examined wild boars.
Coprological results
According to faecal examination, the overall prevalence of helminth eggs and/or protozoa oocysts was 78%. Metastrongylus spp was the most common parasite and was detected in 65% of wild boars, followed by Strongyles (22%), A. suum (12%), Coccidia (10%), and Trichuris suis (6%). Single infections were diagnosed in 52% of wild boars and mixed infections in 26%. These results are presented in more detail in Table 1 
Intestinal examination
Of the 32 small intestines examined, 3 (9.4%, 95% CI=0-19.5%) from 2 juvenile males and 1 adult female harbored M. hirudinaceus while 2 (6.2%, 0-14.6%) from adult males harbored A. suum. Data on TWR, R, MI±SEM, and MA±SEM are shown in Table 2 . (23) . Wild boars are popular and abundant game animals in many countries. Meat from hunted wild boars is highly appreciated by consumers because of its excellent organoleptic characteristics (24) and is always destined to human consumption, since hunters tend to eat what they kill and share it with relatives and friends, or it is sold to the local market for production of meat products. Hunting of wild boars is not only a popular recreational sport, but also a population control method supported by wildlife agencies because of the growth of wild boar populations (25) . All these factors can contribute to increase the availability of wild boar meat for both home consumption and market. Our serological results show a level of exposure to T. gondii in wild boars hunted in central Italy. This suggests that the parasite is widespread in their habitat (frequently close to human settlements) and that T. gondii cysts are present in tissues of seropositive animals. The present seroprevalence (12.2%) is close to that previously registered (14%) in wild boars in Italy (12) . However, it is much lower compared to most countries where a pooled worldwide seroprevalence of toxoplasmosis in wild boars has been estimated to be 23% (11) . Different serologic assays and other factors can influence detection of antibodies, making it difficult to compare seroprevalence values among studies with differences in diagnostic methods, study areas, animal populations, and sampling procedures. Therefore, comparison of the present results with data reported in other countries is difficult and should be performed with caution. Eating undercooked or cured game is a widespread habit among game meat consumers. In particular, wild boar meat can be prepared for production of homemade sausages in Italy, where fresh sausages are frequently consumed raw or undercooked (e.g. grilled). Raw spleen and liver of a wild boar have been demonstrated to be the source of an outbreak of acute toxoplasmosis in humans (26) . A case of acute toxoplasmosis in an adolescent girl, almost certainly related to the consumption of raw pork sausages, has been described (27) . Like trichinellosis, game consumers may be at greatest risk of acquiring toxoplasmosis from consumption of undercooked wild boar meat (11) . Moreover, hunters may also acquire toxoplasmosis from evisceration and handling of Toxoplasma infected wild boars, since seropositivity rate for antiToxoplasma antibodies in slaughterhouse workers was found to be remarkably high (72%) in Brazil, suggesting a considerable risk associated with skinning of animals and handling raw meat (28) .
DISCUSSION
The low prevalence rate (1.5%) of T. gondii DNA in diaphragm could be due to the small size of the analyzed samples and/or to the low presence of tissue cysts in the muscle samples, thus portions of tissue harboring T. gondii cysts had no chance of being sampled. Previous surveys on the presence of T. gondii DNA in wild boars in the Western Alps (Norther Italy) and Spain showed much higher prevalence of 16.19% (29) and 15% (30), respectively. The single genotyped strain in this survey belonged to type II lineage. To the best of our knowledge, this is the first study on T. gondii genotyping from wild boar samples in Italy. In this country, only type II strains have been identified in sheep (31) and have been associated with ovine abortion (32) . Previous surveys on the genotypes of T. gondii in wild boars showed wide geographical variations. In France, all isolates (n=21) were found to belong to the type II lineage (16) . In Spain, wild boars (n=9) were infected most frequently by type I and type II though mixed infections (types I + III) were also detected (30) . In the Peninsular Malaysia, all the isolates (n=6) were determined to be of clonal type I (33). In Iran, molecular evaluation confirmed the presence of type III and, to a more limited extent, of type I (34) . Due to the low number and non-representative geographic distribution of samples analysed, we cannot exclude that other genotypes are also present in wild boars in Italy.
The coprological positivity rate (78%) to helminth infections in our survey is very close to 78.86% found in a similar investigation previously performed in Italy (13), but lower than 98.4% detected in Poland (35) . It is well known that host factors such as age and sex can influence the presence of helminths. In the current study, the coprological prevalence of helminth infections was statistically higher in males than in females (Table 1) . It is likely that this is due to variation in behavior, as males have larger home range size than females and have been recorded traveling more than females (36) . If parasitic contamination of the environment occurs, males with a wide home range could be more likely to be exposed to areas contaminated by parasite infective stages during their life. In 68% (55.1-80.9%) and 15.6% (3-28.2%) of the analysed faecal samples and small intestines from wild boars, respectively, helminth infections potentially dangerous for humans were detected.
Combining results of coprological analysis and examination of the small intestine, they included A. suum, M. hyrudinaceus, T. suis and Metastrongylus spp. These parasites occur worldwide and have previously been reported in wild boars (13, 35, 37, 38, 39, 40, 41) . Their eggs are excreted in stool of infected hosts, including domestic pigs, wild boars and other suids. Small numbers of the roundworm A. suum ranging from one to two adults per wild boar were found in two of the 32 small intestines examined. This suggests that the majority of wild boars harboured no or few roundworms. Other authors have reported the number of Ascaris per infected animal and described MA of 0.05 to 0.1 in Corsica (37) and MI of 1.0 in Spain (38) . This is in agreement with the low MA (0.1) and MI (1.5) found in the present study. Infection rates of A. suum previously described in wild boars by necropsy findings, range from 0% in a locality of Corsica (37) to 56% in Hyogo Prefecture in Japan (39) . Using the standard flotation method, we identified Ascaris eggs in 12% of fecal samples from wild boars. This agrees with infection rates of ascaridosis reported in wild boars by coprological analysis, ranging between 0% in Italy (40) and 25% in Spain (41) . Ascaridosis is transmitted by the faecal-oral route. The most important factor determining the transmission of Ascaris infection in wild boars appears to be the contamination of soil with infective eggs. A. suum eggs remain capable of being infectious for a long time because they are very resistant to drying and are well adapted to a wide range of temperatures (42) . Earthworms and dung beetles may ingest Ascaris eggs while feeding on soil and faeces. When that happens, eggs can hatch and infective larvae can remain in the tissues of earthworms and dung beetles until a definitive host eats them, giving rise to the possibility that these invertebrates may serve as paratenic hosts in the life cycle of A. suum (43, 44) . It is possible, that under certain circumstances the opportunities for ingestion of infective Ascaris eggs is reduced. A. suum has been reported to be an important source of human ascariasis in Denmark (45) , Japan (46) , United Kingdom (47), China (48) , and Europe (49) . The larvae of A. suum can migrate into the tissues of many animals including man. Seropositivity for A. suum was detected in 13.2% and 33% of patients suspected of visceral and visceral/ocular larva migrans in Austria (50) and the Netherlands (51), respectively. Ascaris lumbricoides is the closely related species infecting humans. Because adult A. suum and A. lumbricoides worms are morphologically indistinguishable, it has been a matter of debate as to whether they represent the same or different species (52) . A hybrid A. suum/A. lumbricoides infection has been described in a pig farmer in Italy (53) . Evidence of natural cross-transmission between humans and pigs has been reported in Africa but its extent across the globe is unknown (49) . Ascaris infections often are asymptomatic among humans, but symptoms can include gastrointestinal discomfort, cough, lung inflammation, intestinal obstruction, and growth delays (54) .
As expected, all M. hirudinaceus infections were undetected by faecal flotation technique in sodium nitrate solution. Thus, the present study fully corroborates the findings of other authors (41) . The acanthocephalan M. hirudinaceus, commonly known as the giant thorny headed worm, occurs not only in pigs, wild boars and other suids but also in dogs, red foxes, and jackals (55) . M. hirudinaceus has been routinely found in studies on helminth fauna of wild boars. Reported prevalences range from 5.9% in Italy (40) to 64% in Iran (56) with TWC varying from one to 117 in single infected hosts and MI of 18+4 in Iran again (57) . In the present study, 9.4% of wild boars were infected and the number of adult worms recovered per wild boar varied from one to four (MI of 3.06), suggesting that wild boars could play a rather limited role in the epidemiology of M. hirudinaceus in the study area. Definitive hosts become infected through the ingestion of different species of dung beetles (Scarabaeidae) harboring cystacanth larvae. Thus, differences in prevalence of M. hirudinaceus could be explained by a variability in the presence and number of dung beetles, which constitute the intermediate hosts of this parasite. Most of the infections documented in humans and attributed to M. hirudinaceus are from Thailand (58, 59) and China (60) . A history of either accidental or intentional ingestion of arthropods, especially dung beetles, is related to human infections. Acute abdominal colic, intestinal ulcers and perforation requiring surgical emergency have been reported in humans (58, 59, 60) .
T. suis from wild boars and pigs is identical to Trichuris trichiura from humans and non-human primates with respect to morphology, life cycle, and localization in the intestinal mucosa. Additionally, the successful experimental transmission of T. suis from pigs to humans has been reported (61) . In the present study, only three adult males (6%) were infected. This is consistent with coprological prevalence values previously reported in literature, ranging from 4.9% in Italy (13) to 33.9% in Spain (41) . There is no report of natural human infection by this parasite, so far. However, its zoonotic potential has been assessed (62, 63) and T. suis ova therapy has been shown to induce improvement in patients with active ulcerative colitis (64), Chron's disease (65) , and allergic rhinitis (66) .
Metastrongylus spp. was the most prevalent (56%) helminth infection in fecal samples. Prevalences of Metastrongylus spp. according to other coprological surveys in wild boars range between 6.95% in Italy (13) and 62% in Poland (35) . Differences in prevalence values could be explained by variations in the presence and number of earthworms, which form part of the diet of wild boars and act as intermediate hosts for this genus of nematodes carrying the L3 infective larvae. Metastrongylus apri, Metastrongylus asymmetricus, Metastrongylus elongatus, Metastrongylus pudendotectus, and Metastrongylus salmi have been recovered from wild boars and usually present mixed infections (39, 57) . These species are indistinguishable from each other by coprological analysis because the technique does not allow differentiation of their egg morphology, being of very similar dimensions and shape. Human infections with M. apri, M. elongatus, and M. salmi have occasionally been identified as reported by other authors (62, 67) , probably caused by the accidental ingestion of contaminated earthworms along with soiled foodstuffs. Patients may develop severe pulmonary infection with bilateral pleural effusion, productive cough with bloody thick sputum, fatigue, chest pain, and progressive dyspnea (67) .
CONCLUSION
The present epidemiological survey is a source of valuable data on the epidemiology of zoonotic parasites in wild boars. This study indicates that T. gondii cysts may be present in tissues of wild boars hunted in central Italy and consumption of undercooked or raw wild boar meat (i.e., in fresh sausages) may expose humans to risk of Toxoplasma infection. The study also highlights the importance of high standard of hygiene during the handling of wild boar carcasses and that wild boars are hosts of helminths of veterinary and medical importance transmissible to pigs and humans. The occurrence of potentially zoonotic helminthiases in wild boars suggests the need to continue in the surveillance of these helminth species due to the increased proximity of wild boars to humans. Wild boars can have potential implications on public health and transmit parasites directly to humans through soil contamination with infective eggs (A. suum, T. suis) or indirectly by infecting intermediate hosts (M. hirudinaceus, Metastrongylus spp). Considering that pigs share all parasitic species found in wild boars, the potential exists for introduction of these parasites into herds of domestic pigs as a result of increasing overlap of the range of wild boars with organic pig farms in Italy.
